INTRODUCTION
The combination of 10 years of CHAMP data, the data from the upcoming Swarm satellite mission, and the increasing number of airborne and marine data sets, enables us to build models of the Earth's lithospheric magnetic field via inversion methods with unprecedented accuracy and resolution. Geological features and the thermal state of the lithosphere can be interpreted from these models. 3D inversion of magnetic data has been effectively used to extract information about subsurface magnetization structure in resource exploration problems, where the analyses is typically carried out in Cartesian coordinates (e.g., Li and Oldenburg, 1996) . For regional and global problems based on the aforementioned geomagnetic models, however, the inversion must be done in a spherical coordinate system so that Earth curvature can be taken into consideration.
To meet this need, we present a methodology for 3-D inversion of regional and global magnetic data in spherical coordinates. Based on the work by Li and Oldenburg (1996) and Liang et al. (2012) , our method utilizes a classical Tikhonov regularization approach by constructing a specially formed model objective function in spherical coordinates. Utilizing High Performance Computing (HPC) facilities and 3D visualization, we expect to be able to utilize our method to build and interpret magnetic models at a range of scales, from broad regional studies to local studies in detail .
In this paper, we first describe the forward modeling, data misfit function, model objective function, depth weighting function, regularization and optimization portions of our method. We then perform an initial test of its efficacy using a synthetic model example. Finally, we apply our method to a satellite magnetic data set over Australia to investigate the lithospheric magnetization structures of the continental portion of Australia. The observed magnetic field is influenced by both the induced and remanent magnetization of crustal rocks.
METHOD
Let Earth region of interest be divided into a set of tesseroid cells by a spherical orthogonal 3-D mesh. A tesseroid in spherical geocentric coordinates is taken as a cell bounded by (i) a pair of surfaces defined by constant radii r 1 and r 2 ; (ii) a pair of meridional planes defined by longitudes λ 1 and λ 2 ; and (iii) a pair of coaxially conical surface defined by φ 1 and φ 2 . P (r, φ, λ) is the observation point and Q (r', φ', λ') is the source point. The magnetic scalar potential U P is expressed as
where
is the volume of the cell, µ 0 is the free-space permeability, and
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Correspondingly, the magnetic field components at P are expressed as
Expanding the integral kernel in Eq.
(1) into a Taylor series and ignoring second and higher order terms, the V P and its derivatives can be simply expressed. Using of a large number of small tesseroid cells, an accurate solution is produced.
The magnetization M Q consists of induced M Q,in and remanent M Q,re contributions. The contribution of the induced component to the magnetic field is impacted by the intensity M Q , declination D Q and inclination I Q of the ambient field. The relationships are
. Thus the Eq. (5) is re-written as
If remanent magnetization is ignored, D Q and I Q may be replaced by the IGRF's declination D and inclination I, respectively. Further, we can get M Q ≈M Q,in =κB/µ 0 , where B is the strength of the IGRF field. This representation also neglects demagnetization effects.
Given the above simplification, the three-component magnetic anomaly is related to the subsurface susceptibility by linear
T is the cell susceptibility vector, and G i represents sensitivity matrix for the i th component calculated from Eq. 6. For the inversion, we defined a data misfit function as 
where the ε r,i , ε φ,i and ε λ,i are the standard deviation of the i th data's noise of the three components respectively, and δ r , δ ϕ , δ λ determine the relative importance of the three terms.
To reduce the non-uniqueness of solutions for the inversion according to Backus-Gilbert theory, we require the model to have a small L 2 -norm and to be smooth in the three spatial directions. The spatial gradient operator in spherical coordinate is defined by
where 
, (9) where α s , α r , α φ and α λ are the coefficients that weight different components in the model objective function. They are determined by the length scales and extended as:
where the C r , C φ and C λ are usually set to 2 as a default value. The volume element is dv = r 2 cosφdrdφdλ. The w(r) is a depth weighting function that balances the decay of the magnetic kernel functions (Li and Oldenburg, 1996) . Here, the decay is not only a function of inverse distance squared, but also decreases because of the decreasing size of the cell as they become deeper, so the depth weighting function is modified for spherical coordinates as:
where R is the average radius of surface, r is the radius of the cell in deep, and H is the height of observation. Generally, r is smaller than R.
The inversion is formulated to minimize the objective function:
where, β is a regularization parameter used to balance the data misfit and model complexity. One strategy for determining the regularization parameter is to select it based on the Tikhonov curve. The solution of equation (12) is given by that of the linear matrix equation,
Since the matrix in the parenthesis is symmetric positive definite, the conjugate gradient method is used to solve equation (13).
SYNTHETIC EXAMPLE
To test our inversion method, a synthetic model was formed to generate the anomalous magnetic field on a spherical surface at 28.8 km altitude above the surface of a 6371.2-km sphere (i.e., the magnetic field reference of the Earth). The IGRF11 field was used as the inducing field. A spherical shell with inner and outer radii of 6321.2 km and 6371.2 km, respectively, was used as the model region and is discretized into 1331 cells (i.e., 11 × 11 × 11). Each cell had a size of 2.0 degrees in longitude, 2.0 degrees in latitude and 5 km in the radial direction.We performed an inversion as described above. The parameters α s , α λ , α φ and α r were set to the values of 10 -8 , 1.378×10 +3 , 1.959×10
+3
, and 1.0. To simulate the observed vector magnetic data, the standard deviation of each component was set to 0.05 nT. The recovered susceptibility structures are displayed in Figure 1 , which clearly shows the boundary of anomalous body.
APPLICATION TO AUSTRALIA
We applied the 3-D magnetic inversion method to the satellite lithospheric magnetic vector data over the region of the Australian continent (i.e., 112º-150º E and 10º-45º S). We calculated the three components of the magnetic field at 10-km altitude with resolution of 0.5º by 0.5º so that the total number of the data is 6336 using the entire harmonic coefficients of the model. The global oceanic remanent magnetization model of Masterton (2010) was then used to compute the potential field at an altitude of 400 km above the magnetic reference sphere. The Gauss coefficients up to degree and order 180 of the potential of the remanent magnetic field were computed. Finally, the three component of the magnetic field were obtained for spherical harmonic degrees 16-120 at an altitude of 28.8 km. By subtracting the three components of the field related to the remanent magnetization model from the observed data derived from the GRIMM_L120 v0.0 global magnetic field model (Lesur et al., 2012) , we obtained a residual anomalous field that we subsequently assumed to be related solely to induced magnetization properties of the crust.
The model space was divided into 61,770 tesseroid cells (87 × 71 ×10), each with a size of 0.5°×0.5°×10 km. When calculating the kernel function (i.e., sensitivity matrix), each cell (0.5º by 0.5º by 10 km) was divided into substantially small tesseroid cells (0.1º by 0.1º by 10 km) so that reasonable accuracy could be ensured. were assumed. We initialized the input model for the inversion based on the vertically integrated susceptibility model of Hemant and Maus (2005) . The radial component of the lithospheric magnetic field was used in the inversion here.
In general, the derived susceptibility anomalies are concentrated in the depth range from 25 km to 45 km, and are close to zero in the deepest layer (Figure 2 and Figure 3 ). Negative relative susceptibility anomaly distributions correlate with sedimentary basins interpreted to have Archean basement, such as the Officer, Eucla, and Amadeus Basins. These areas are considered to have high heat flow. Our results agree with the estimated curie depth map in Australia. The positive susceptibility anomalies correlate with areas having exposed or inferred near-surface Archean basement, such as the Yilgarn Craton, Gawler Craton, Arunta Block and Musgrave Block. Eastern Australia is dominated by a large region of negative susceptibility anomalies, clearly visible on the cross-section along 145 °E (Figure 3(f) ). The inverted susceptibility anomalies have a distribution that correlates well with the main tectonic features of Australia. The results show that the 3-D susceptibility distributions also correlate with the shear wave velocity model, the variation of Moho depth in Australia and the density anomalies distributions derived by Liang et al. (2012) .
CONCLUSIONS
The algorithm presented here for inverting large-scale magnetic data in spherical coordinates is an extension of the Cartesian coordinate of the generalized deterministic method. The use of spherical coordinates permits more rigorous inversion of regional and even global magnetic data to derive a 3D spherical orthogonal 3-D mesh. The test using synthetic model data demonstrates the ability of the algorithm to recover large-scale crustal magnetic structure. The application of the inversion using satellite data has allowed us to derive a crustal susceptibility model for the continental portion of Australia. The distribution of susceptibility in this mode is consistent with geological features which have been given in the published literature. We demonstrated that magnetic remanence was not a major factor in our application example at the scale of our investigation. However, this will not always be the case. It is also apparent that the regularization method used produced smooth distributions of susceptibility. In some instances, sharp boundaries would be expected or at least need to be considered as a viable alternative. Both of these shortcomings of the present implementation will be examined in the future with the goal of providing better inversion results. Latitude/degree 
